The local flame properties of turbulent propagating flames with respect to the ratio of the turbulence intensity to the laminar burning velocity u /S L0 in the flamelet regime have been investigated experimentally for methane, propane and hydrogen mixtures having nearly the same laminar burning velocity with different equivalence ratios. u /S L0 is varied as 1.4 and 2.3. A 2D laser tomography technique is used to obtain the flame configuration and movement in a constant-volume vessel and then the local flame displacement velocity S F is quantitatively measured as a key parameter of turbulent combustion. As a result, the mean value of S F shows to be affected by u /S L0 , which indicates a relation between the characteristic chemical reaction time and the characteristic flow time, to some extent, especially for leaner and richer mixtures. S F is also discussed by the concept of preferential diffusion and Markstein number which can affect the local burning velocity characteristics.
A Study on the Local Flame Displacement Velocity of Premixed Turbulent Flames

Introduction
Many experimental and theoretical studies suggest that combustion in most practical systems occurs in the flamelet regime in which the continuous and thin reaction sheet is predominant (1) , (2) . According to almost all of the conventional models of turbulent burning velocity in this turbulence condition (3) , (4) , the ratio of the turbulent burning velocity S T to the local burning velocity is proportional to the ratio of the increased flame surface area caused by turbulence to the laminar flame surface area A T /A 0 . A T /A 0 is well approximated to be proportional to the ratio of the turbulence intensity u to the local burning velocity. And then, the local burning velocity is usually taken to be equal to the laminar burning velocity S L0 all over the turbulent flame front, at least in the weak turbulence condition where the flame surface area increases almost linearly with u . Therefore, modeling of S T (or S T /S L0 ) has been taken to use conventionally u /S L0 as a basic variable (1) - (6) . Additionally, u /S L0 indicates a relationship between the characteristic chemical reaction time τ c and the characteristic flow time τ f that affects strongly the turbulent combustion characteristics.
In our previous studies (7) - (9) , the turbulent burning velocity for various mixtures, having nearly the same S L0 , was examined experimentally. The mean local burning velocity S L , as the substantial burning velocity of the turbulent flame front, was found to be able to change from the S L0 of laminar combustion, even under weak turbulence condition, except for near-stoichiometric mixtures. This change was found to be caused by the preferential diffusion effect due to the difference in the molecular diffusivity of reactants and to play an important role in turbulent burning velocity characteristics. In addition, a simple model for predicting turbulent burning velocity was proposed based on the estimated S L as a reference instead of the S L0 . In our other studies (10) - (12) , the local flame displacement velocity S F was investigated in order to clarify directly the influence of the local burning velocity on the turbulent burning velocity. The obtained S F of the turbulent flame suggested to be distributed over a wider range than those in the laminar combustion even in the weak turbulent condition.
According to the conventional concept mentioned above, the local burning velocity should be equal to the S L0 . That concept, however, is clear to be in conflict with our previous experimental results. The possibility of the change in the local burning velocity has been investigated only on the subject of laminar flames or low stretched flames (13) - (20) , so it still remains an open question for turbulent flames (21) . Additionally, little information on local burning velocity properties with respect to the u /S L0 is available. Therefore, it is important that the quantitative relationship between the local burning velocity and u /S L0 is comprehended, to develop a general-purpose model of S T .
In the present study, an attempt is made to study experimentally the properties of the local flame displacement velocity of turbulent propagating flames with respect to u /S L0 in the flamelet regime, in order to clarify directly the influence of the relationship between τ c and τ f on the local burning velocity of turbulent flames. Methane, propane and hydrogen mixtures having nearly the same S L0 with different equivalence ratios are prepared for experiments, where 25 cm/s and 15 cm/s (10) , (11) were adopted as S L0 so that u /S L0 can be varied as 1.4 and 2.3 independently under the same turbulence scales due to keeping u constant (= 0.35 m/s). A two-dimensional (2D) laser tomography technique is used to obtain the sequential relationship between flame shape and motion. The local flame displacement velocity and the local flame front curvature are quantitatively obtained as the key parameters of the turbulent combustion, for the different u /S L0 . The obtained local displacement velocity is also discussed by the concept of preferential diffusion and Markstein number, which have a possibility of affecting the local burning velocity characteristics. 
Nomenclature
= η 0 /S L0 τ f : characteristic flow time = L f /u (or λ g /u )
Experimental Procedure
1 Apparatus and procedure
The combustion chamber used is a nearly spherical vessel with an equivalent inner diameter of about 100 mm. It is fixed with four transparent windows of 85 mm diameter at four rectangular sides, and two perforated plates of 90 mm diameter at the other two sides. Behind each perforated plate, a fan is equipped to mix gases and generate nearly isotropic and homogeneous turbulence in the central region of the chamber.
The optical system for 2D laser tomography was used to obtain the sequential tomograms of propagating flame. For the laser sheet light source, a continuouswave Nd:YAG laser (5 W, 532 nm) was adopted. Using three cylindrical lenses, the laser beam was focused into a sheet which had a thickness of under 0.1 mm and a width of about 73 mm, at the measurement location. TiO 2 powder with a diameter of 0.03 -0.05 µm was used as the seeding particles. The scattered light was imaged using a high-speed digital camera, which has a resolution of 256 × 240 pixels, 8 bit and an acquisition rate of 1 000 frames/s, with an image intensifier (gate open period = 18 µs), and band-pass filters were also mounted in front of the camera. The captured image data were transferred to a computer. The spatial resolution in the flame images obtained was 0.23 mm. Details descriptions of apparatus may be found elsewhere (9) - (12) . The experiments were conducted as follows. The mixtures were concocted in the chamber according to the partial pressure of components and then ignited at the vessel center under the desired turbulence intensity and atmospheric condition where the initial pressure P 0 and temperature T 0 were about 0.101 MPa and 298 K, respectively. The sequential tomography for each mixture was repeated 5 times for the laminar combustion and 10 times for the turbulent combustion at the same condition, respectively.
The turbulent combustion experiments were done under turbulence conditions with a fixed fan speed being 1 000 rpm (u ≈ 0.35 m/s) as shown in Table 1 . In this study, u /S L0 which affected strongly the turbulent combustion characteristics (1) - (6) was varied as about 1.4 and 2.3 by using the two groups of mixtures having the different laminar burning velocity (25 and 15 cm/s). In Table 1, u is the turbulence intensity, S L0 the laminar burning velocity measured by the pressure history of combustion (7) - (9), (22) , L f the longitudinal integral length scale (= about 2.8 mm at 1 000 rpm), η 0 the preheat zone thickness (= a 0 /S L0 ), Da l the Damköhler number based on L f , Re l the Reynolds number based on L f , and a 0 the thermal diffusivity.
2 Properties of mixtures
The mixtures were prepared while maintaining S L0 approximately constant with the different equivalence ratio as shown in Table 1 . S L0 was arranged to be approximately 25 and 15 cm/s by adding nitrogen or oxygen to fuel-air mixtures so that two values of u /S L0 can be obtained under almost the same u and turbulence scales such as L f , as mentioned above. Three fuels were also adopted, where hydrogen and methane were lighter fuels with higher diffusivity than oxygen and propane was a heavier fuel with lower diffusivity. As using these mixtures, we can achieve to examine the influence of the relationship between a characteristic chemical reaction time η 0 /S L0 and a characteristic flow time L f /u as well as the mixture properties such as fuel type and the equivalence ratio on the local flame properties. In Table 1 , φ is the equivalence ratio, D F /D O the ratio of diffusion coefficient of fuel to that of oxygen in the mixture, Le the Lewis number (= a 0 /D d ), and D d the diffusion coefficient of deficient reactant. Then, Le of the mixtures is smaller than 1.0, except for lean propane mixtures. Figure 1 shows the turbulent burning velocity S T measured by the pressure history of combustion (7) - (9) as u being varied for mixtures with S L0 = 25 cm/s. In Fig. 1 , a mixture of H08-25N was plotted for reference, whose fuel type and φ are hydrogen and 0.8, respectively. From Fig. 1 , clear differences in S T at the same u were seen among mixtures with different φ, even under nearly the same S L0 . In the case of methane and hydrogen mixtures, the smaller φ was, the higher S T was observed. In the case of propane mixtures, the tendency of S T with respect to φ was reversed. The tendency was also observed for mixtures with S L0 = 15 cm/s (8) . As we have discussed in our previous studies (7) - (9) , the trends in Fig. 1 have been in contradiction to the concept of the conventional models mentioned in the introduction. That is, according to conventional models, S T could be predicted to show to be almost the same profile under this experimental condition using mixtures while maintaining S L0 approximately constant, regardless of φ. The experimental result in Fig. 1 , however, is not shown like that.
2. 3 Analytical method of local flame displacement velocity In order to investigate quantitatively the local burning velocity, the local flame displacement velocity S F is determined according to the same method as our previous studies (10) - (12), (23) . An outline of the procedure is as follows. First, each flame front position can be detected as discrete points (pixels), using appropriate threshold. Then, the curvature 1/r at each point can be calculated by vector product and geometrical procedures. The curvature of the convex part toward the unburned mixture is defined as positive, denoted by thick vectors (see Fig. 2 ). Next, the local flame propagation speed V F at each point can be obtained using two sequential image frames. V F can be calculated based on the flame travel period and the flame movement distance, denoted by vectors in Fig. 2 . It was assumed that the direction of flame front movement was at a right-angle to the tangential line on the point of flame front. Finally, the S F is approximated by the following:
where ρ b and ρ u are the density of burned gas and unburned mixture, respectively, at 0.101 MPa. Flames used in this study are almost satisfactory for the assumptions suggested by Renou et al. (21) However, S F by Eq. (1) may be slightly underestimated due to three-dimensional effects. In this study, only the upper part of images from the center of chamber was analyzed.
S F might be affected by the progress rate of flame propagation, because the pressure in the combustion chamber increases slightly with flame propagation. A means to remove this influence, which was the same as previous studies (9) - (12) , was adopted. That is, for the discussion of the analyzed results, the flame images, which are taken at the same condition as the progress rate (R A /R C ) 3 being about 0.018 (see Fig. 2 ), are used, where R A and R C denote the equivalent radius based on the burned area of 2D flame image and that based on the chamber volume, respectively.
When this analysis is applied to the turbulent flame, the local gas flow near the flame front might affect S F . In this study, the gas flows in the chamber were measured only for the cold flow (12) . However, it can be considered that the influence of the gas flow near the flame front can be small enough to obtain S F , because the turbulence in the combustion chamber is nearly isotropic and homogeneous. Furthermore, the mean values of V F obtained are over 3 times as large as u under this experimental condition.
The number of analyzed points on the turbulent flame front reached in about 1 800, by using 10 turbulent flames for each mixture. The validity of this analysis was so confirmed that the value of S F of laminar combustion was approximately equal to that of S L0 in Table 1 . Figure 2 shows a temporal evolution of flame front contours extracted from the upper part of sequentialtomogram for turbulent flames of methane mixtures with φ = 0.7 at two different u /S L0 (1.4 and 2.3) , where the vectors of positive curvature and that of negative curvature are denoted by thick and thin lines, respectively. The calculated curvatures and normal vectors can represent well the local flame configuration and movement. It is clear from Fig. 2 that both flames are wrinkled having a continuous flame front, and the wrinkles of flame front become remarkable with increasing u /S L0 . The flame fronts also show an interesting movement depending on its local geometrical configuration. Active and inactive parts (10) - (12) can be observed on the turbulent flame front, where active parts indicates a part of turbulent flame front which tends to propagate faster than the other, leading to the acceleration of the combustion. The former and the latter well correspond to the convex part toward the unburned mixture and that toward burned gas, respectively. The increase rate in active parts of flame front tends to accelerate with increasing u /S L0 . This trend can be observed, regardless of the fuel type and φ. Figure 3 shows typical analyzed results of methane mixtures with φ = 0.7 at u /S L0 = 1.4 and 2.3. They present the probability density function (pdf) of the obtained curvature 1/r normalized by η 0 , and the distribution of the obtained S F normalized by S L0 , at (R A /R C ) 3 being nearly 0.018. In Fig. 3 , some values of S F are negative because of S F calculated by Eq. (1) based on V F . The values of 1/r and S F in Fig. 3 are clearly distributed over a wider range than those obtained in the laminar combustion, even under u /S L0 being 1.4. Similar tendency can be seen for each fuel type and φ. Figure 4 shows variations of the mean values of S F on positive curvatures S F,mu and those on negative curvatures S F,mb normalized by S L0 at u /S L0 = 1.4 with φ. It can be clearly obtained that both S F,mu and S F,mb are varied with φ under even this weak turbulence condition, depending on fuel type. Both also tend to increase with decreasing φ for methane and hydrogen mixtures and with increasing φ for propane mixtures. Similar tendencies were seen for u /S L0 = 2.3 (10) - (12) . According to the conventional concept mentioned in the introduction, the local burning velocity should be equal to the S L0 . This concept, however, is clear to be in conflict with this experimental result. As can be seen in Fig. 3 or 4 , the values of S F of turbulent flames are not Figure 5 shows variations of the value of (S F,mu − S F,mb ) normalized by S L0 with u /S L0 . As far as the experimental condition in this study, S F,mu tends to become larger than those of S F,mb , regardless of the fuel type, φ and u /S L0 . As to propane mixtures at u /S L0 = 1.4, the difference between S F,mu and S F,mb , however, seems to be not clear as shown in Fig. 4 . Furthermore, (S F,mu − S F,mb ) increases clearly as u /S L0 increases, and its increase with u /S L0 varying from 1.4 to 2.3 becomes remarkable for leaner methane and hydrogen mixtures and richer propane mixtures. This indicates that the tendency of the local burning velocity characteristics with respect to the flame configuration is changed between 1.4 and 2.3 of u /S L0 .
Results and Discussion
1 Local flame displacement velocity
Many experimental investigations have demonstrated that there exists a strong influence of preferential diffusion and stretch interactions caused by the curvature and strain on the burning velocity (18) - (21), (24), (25) . We attempt to explain these phenomena in Fig. 5 from the concept of the preferential diffusion and the Markstein number (26) , (27) as follows.
On wrinkled flames, preferential diffusion depending on the molecular diffusivity of reactants induces local mixture-ratio variations, leading to the change in the local burning velocity. In the case of methane and hydrogen mixtures, the diffusion coefficient of fuel is larger than that of oxygen as shown in Table 1 , so fuel can diffuse more to the convex flame toward the unburned mixture caused by the preferential diffusion. This leads that the local burning velocity for the leaner mixture increases because fuel is the deficient reactant in the lean mixtures. On the other hand, the diffusion coefficient of propane is smaller than that of oxygen. So for richer propane mixtures the local burning velocity increases in the convex flame toward the unburned mixture as well. Additionally, the preferential diffusion can be affected by u /S L0 , because of it depend-ing on the molecular transport. Consequently, the preferential diffusion effect can be expected to increase with decreasing S L0 under the same turbulent condition.
On the other hand, following an early proposal of Markstein (13) , the theories and measurements have been suggested a linear relationship between the laminar burning velocity and flame stretch (14) - (17) . Faeth et al. (18) , (19) have proposed the following relationship for outwardly propagating spherical laminar flames.
Where S Ll is the burning velocity of laminar combustion, S L∞ the value of S Ll when the flame stretch is 0 (which is almost the same as S L0 in this study), Ma the Markstein number and Ka the Karlovitz number. According to Eq. (2), S Ll /S L∞ tends to increase with decreasing Ma at the same Ka. This indicates that the local burning velocity at the convex part of turbulent flame toward the unburned mixture at the same stretch can be expected to increase with decreasing Ma. Figure 6 shows the estimated Ma against S F,mu /S L0 , where Ma can be approximated from temporal contours of spherical laminar flames by using the procedure proposed by Faeth et al. (10) , (18), (19) Form Fig. 6 , in the case of methane and hydrogen turbulent flames, S F,mu shows to increase with decreasing φ and with increasing u /S L0 . In propane mixtures, the tendency of S F,mu with respect to φ is reversed. It is also found that S F,mu has a tendency to increase approximately with decreasing Ma, regardless of the fuel type, φ and S L0 . This suggests that there exists an obvious relationship between Ma and S F,mu /S L0 . Therefore, the local burning velocity at the convex part toward the unburned mixture is possible to be expected based on Markstein number.
2 Mean local burning velocity
From the discussion in Fig. 5 , the local displacement Figure 7 shows the variation of the mean value of S F , S F,m , with respect to u /S L0 . Curves in Fig. 7 were plotted under an assumption that the local burning velocity was equal to the S L0 at u = 0 m/s, but varied with increase in u /S L0 . The change in S L0 for each φ affects obviously S F,m to some extent under the same u . As S L0 increases, S F,m shows the tendency to approach to the S L0 , because the ratio of the characteristic chemical reaction time to the characteristic flow time decreases, leading to the decrease in the influence of the preferential diffusion depending on the molecular transport. The increase in S F,m with respect to u /S L0 for methane mixtures also shows to be smaller than that for hydrogen and propane mixtures. This phenomenon can be explained by the preferential diffusion based on the molecular diffusivity of reactants as well, because D F /D O of methane mixtures is close to 1.0 as compared with that of hydrogen and propane mixtures as shown in Table 1 . When a different viewpoint is taken, the change in u also affects S F,m . The change in S F,m for leaner hydrogen and richer propane or leaner propane mixtures shows to increase or decrease with increasing u . Methane mixtures, however, do not show such strongly dependency on u . This indicates that S F,m shows some variation in the weak turbulence region, however it has a tendency to approach to a specific value depending on the fuel type and φ as u increases. It suggests that the effects of curvature and strain on the local burning velocity such as the preferential diffusion do not increase infinitely with increasing u .
It should be also noted that the difference in S T observed in Fig. 1 is attributed to the difference in S F,m for each mixture. Thus, S F,m is clear to play an important role in the turbulent burning velocity characteristics. Figure 8 shows the relationship between S F,m obtained in this study (at u = 0.35 m/s) and the mean local burning velocity S L , which was estimated by taking (8) , (28) , normalized by S L0 Fig. 9 Relationship between S L /S L0 in previous studies (8) , (28) with Markstein number Ma based on laminar flames account of preferential diffusion effect at u being about 0.75 m/s in our previous studies (8) , (28) . Both tendencies correspond well, regardless of the fuel type, φ and S L0 . This suggests that preferential diffusion strongly affects the local flame burning velocity.
Meanwhile, Fig. 9 shows variations of S L /S L0 with Ma. A linear relationship between S L /S L0 and Ma seems to be observed, especially for leaner hydrogen and methane mixtures and richer propane mixtures (Ma < about 1.0). A 2dot-dashed line in Fig. 9 presents a slope being 0.5. It is useful information to develop an adequacy model of S T if a quantitative relationship between S L and Ma was found out, because Ma can be obtained by theoretical methods as well as experimental ones (13) - (19) . From these results, the local burning velocity of turbulent flame, which is S F obtained in this study, can be evidently affected by u /S L0 as well as preferential diffusion and Markstein number. Thus, it is clear that establishment of turbulent burning velocity model needs more comprehension of the influence of the characteristic time such as u /S L0 as well as curvature and strain on local burning velocity characteristics.
Conclusions
The local flame propagation properties at two weak turbulence conditions (u /S L0 = 1.4 and 2.3) while maintaining the turbulence scales approximately constant were investigated by using the flame tomograms for the methane, propane and hydrogen mixtures. The following conclusions were attained:
( 1 ) The local flame displacement velocity of turbulent flames S F can be estimated directly as the local burning velocity. Even at u /S L0 = 1.4, S F of turbulent flames is not a constant value being equal to the laminar burning velocity but is distributed over a wide range.
( 2 ) The difference between the mean value of S F on the convex part toward the unburned mixture S F,mu and that toward the burned gas S F,mb tends to increase as u /S L0 increases, and the difference with u /S L0 varying from 1.4 to 2.3 becomes remarkable for leaner methane and hydrogen mixtures and richer propane mixtures. This trend is explained qualitatively by the concept of the preferential diffusion and the Markstein number Ma. Additionally, there exists an obvious relationship between S F,mu /S L0 and Ma.
( 3 ) The mean value of S F , S F,m , shows to be affected by the relation between the characteristic chemical reaction time and the characteristic flow time to some extent, especially for leaner and richer mixtures. The mean S F can be expected not to increase or decrease to infinity with increasing u /S L0 .
( 4 ) S F,m corresponds well with the mean local burning velocity S L estimated by taking account of preferential diffusion (8) . This indicates that the preferential diffusion also plays an important role in the local burning velocity of turbulent flames.
